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where the Dirac masses of all the known fermions are generated as one-loop
radiative corrections. We are able to generate realistic quark and lepton masses
and mixings without a large hierarchy of Yukawa couplings or extra symmetries.
The neutrino masses, which are see-saw suppressed, lie in the mass range favored
to solve the solar neutrino problem. The importance of threshold corrections to
tree-level mass relations in certain non-supersymmetric GUTs is demonstrated.
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I. Introduction
Nature displays an obvious symmetry between leptons and quarks. To state a
few of the more prominent ones: they both come in three families, the negatively
charged members of corresponding quark and lepton families are similar in mass,
and there is a large hierarchy between the masses of the dierent families. The
Standard Model can account for all of these features: we understand from gauge
anomaly cancellation that the number of quark and lepton families has to match
up, and the fermion masses and their hierarchies are accounted for by a hierarchy
of Yukawa couplings of the quarks and leptons to the Standard Higgs. However,
the features we mention seem to ask for a unied explanation rather than just a
way to account for them.
Another prominent feature of the fermion mass spectrum is that, compared
with the other fermions in the same family, the neutrinos are practically massless.
Although in the minimal Standard Model the neutrinos are strictly massless, the
on-going solar and atmospheric neutrino experiments provide growing evidence
for small, but non-zero neutrino mass [1, 2]. Certain cosmoligical models also
prefer a non-zero neutrino mass [3]. A physically appealing explanation for the
lightness of the neutrinos is the see-saw mechanism [4], which requires the neu-
trinos to be Majorana particles. Thus the neutrinos dier in a fundamental way
from the rest of the fermions, all of which carry conserved electromagnetic charge,
and have to be Dirac particles.
Although there has been a host of recent work on predictions for the fermion
masses based on unied theories [5, 6, 7], these models usually rely on family
symmetries to compute the Yukawa couplings as functions of family charge and
scale of family symmetry breaking. We would like to build an extension of the
Standard Model that can account for all the features we mentioned, while avoiding
the extra symmetries and scales of the models of Ref. [5, 6, 7]. The model we
propose unies the quarks and leptons, doesn't have a large hierarchy of Yukawa
couplings, and singles out the neutrinos as special. The model has only two
scales, the unication scale v
R







Whatever mechanism is responsible for this hierarchy in scales (manifested in our
present understanding as a nely-tuned Higgs potential) would also be partially






. It is not our
goal to predict the fermion masses and mixings, but rather to show that one can
account for them in a simple model, without a proliferation of extra symmetries
and hierarchies.










[10], and have the fermion masses generated as one-loop radiative cor-
2
rections. The usual fermions transform under the gauge group as (4; 2; 1) or
(4; 1; 2), and we introduce an extra sterile neutrino s
0
per generation. We choose
the Higgses to also transform as either (4; 2; 1) or (4; 1; 2), which is a particularly
simple and attractive choice of Higgs representation. When the neutral compo-
nent of these Higgs get vacuum expectation values the gauge group is broken in
the required way, but none of the fermions can get a tree-level Dirac mass. The
sterile neutrino s
0




, and it not only acts as a mass seed
in generating one-loop radiative masses for all the fermions, but also acts as the
see-saw partner of the left handed neutrino, suppressing its mass relative to that
of the other fermions.
This mechanism of mass generation demonstrates the impact of threshold cor-
rections to tree level mass relations in certain GUTs. We generate fermion mass
operators upon integrating out the heavy elds in the theory. The coecients of
these operators are usually expected to be small. However, as our model shows,
they can be varied enough to encompass the entire spectrum of fermion masses.
In Sec. 2 we briey discuss generic features of models of radiative mass gen-
eration, and how our model incorporates them. Sec. 3 discusses what we call the
\minimal model" and is the heart of the paper. In Sec. 4 we extend the minimal
model to be able to account for all the observed fermion masses and mixings and
discuss the results obtained, while Sec. 5 concludes.
II. About Radiative Masses
In any model of radiative fermion mass, the generic diagram that generates a
fermion mass term at one-loop looks like
1
ΨL g1 χ g2 ΨR
Xµ,Φ
Fig. 1. The general diagram for radiative fermion mass generation.





at tree-level), the dashed line could be a scalar  or gauge boson X

, and the
solid internal line is a (massive) fermion . Since the representation content of




For a more detailed overview, and discussion of specic examples see Refs. [11, 12, 13].
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	R
, the sum of all such diagrams gives a nite and calculable contribution to the























could be gauge or Yukawa couplings, v
L















In order to give the Standard Model fermions mass we need:
1) A chirality ip to turn the incoming left handed fermion into an outgoing
right handed fermion. This is accomplished by having an odd number of mass
insertions on the fermion line. In our case the chirality ip is provided by the bare
mass of the sterile neutrino s
0






2) A change in weak isospin between left and right handed fermions. In our






on the fermion line, or
by Higgs of dierent weak isospin mixing on the scalar line. These features are
illustrated in Figs. (2a,2b), and are discussed in detail in the next section.
The original idea for radiative mass mechanismwas to have some sort of extra
symmetries so that the third generation gets mass at tree-level, the second at one-
loop, and the third at two loop [14]. These models are known as the (1; ; 
2
)
models. In our model, we don't impose any extra family symmetries, so all three
generations get mass at one-loop, and it would t in more closely with what
are known as (;; 
2
) models. (In the present case  would roughly be some
product of ratios of Yukawa couplings, Higgs mixing angles, and sterile neutrino
masses).
One could in principle have supersymmetric models of radiative mass gener-



























is the scale of supersymmetry breaking, and v
R
is the high energy







is large, then M
SUSY
is forced to be large leaving the hierarchy problem
unsolved, and if v
R
is small, there is no hierarchy problem. In either case, the
primary motivation for supersymmetrizing a model is lost.
4
III. The Minimal Model
In this section we would like to discuss a \minimal" version of the proposed
model of radiative mass. This model contains only one generation of fermions,
and the minimal Higgs sector needed to achieve the desired symmetry breaking.
Although this minimal model is not rich enough to describe the physical world,
it is extremely simple to analyze, and diers from the full-blown model in only
the trivial way that the full-blown model has additional replicas of the fermion
and scalar representations appearing here.
A. Representation



















are generalized Gell-Mann matrices. In this notation, we























































































































































are the gluons, B
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 (4; 2; 1)
	
Ri
 (4; 1; 2)
s
0
 (1; 1; 1); (6)




index, and  = 1; 2; 3; 4 is the SU(4)





























 (4; 2; 1)
R
i
 (4; 1; 2): (8)














































would be in a 16
in the usual way, the Higgs L and R would also be in a 16, and there would be
a single sterile neutrino
2
.


















So the gauge bosons of the broken groups get tree-level masses by the usual Higgs
mechanism, but the representation content makes it impossible for the standard
fermions to get tree-level masses.
B. Interactions
To proceed with the analysis of the model, we break up the interaction La-
grangian into the following pieces: gauge-fermion, fermion-higgs, higgs-higgs,
higgs-gauge.
i. Gauge-Fermion.







































A model like this has been considered in Ref. [16].
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we get the following



















































). This matrix will be diagonalized by an orthogonal matrix
^
O,
with matrix elements O
ij









the left handed neutrino is massless at tree-level. It will get a Dirac mass at one
loop like the rest of the fermions, but its physical mass will be see-saw suppressed
and much smaller than that of the other fermions.
iii. Higgs-Higgs.




































































































































= 0 we can generalize the arguments of Ref. [17] to show that if the


































the absolute minimum of the potential is at
hLi =
 














0 0 0 0
!
(20)












(Note the condition on 
LR3
is a sucient, but not necessary condition).
















































There will be in general only one light neutral Higgs, with the rest of the physical




Not much detail is required here, except that given the symmetry breaking




















































































































































































































































































8:33, then using the one-loop  functions with only gauge boson and fermion




















From the interaction vertices we have written down we can see that the pro-
cesses that generate one-loop masses for the fermions are leptoquark gauge boson
exchange (Fig. (2a)), which generates mass for the up type quarks, and Higgs ex-
change (Fig. (2b)) which generates mass for all the fermions.






Fig. 2a. Gauge boson exchange. Fig. 2b. Higgs exchange.
These diagrams are drawn in the interaction basis.  indicates a fermion mass
insertion,  indicates a change in left or right weak isospin, and  indicates a change
in both left and right weak isospin.
9
We see right away that this model gives us a way to dierentiate up type
masses from down type masses. The up type quarks get their masses from both
gauge boson exchange and Higgs exchange, whereas the down types get theirs
only from Higgs exchange.




































































































are the masses of the physical neutrinos, and O
ij
are elements of the or-
thogonal matrix that diagonalizes the neutrino mass matrix (17). The subscripts







) of Eq. (17). M
j1;2
are
the eigenvalues of the Higgs mass matrix
3














examples of Higgs mass matrices are presented in the appendix (Eqs. (63-67)).
We would like to emphasize that Eqs. (29,30) are valid at the scaleM
U
. In order
to compare with the known fermion masses we need to use the renormalization
group to run the masses down to the appropriate scale. Eqs. (29,30) are the basis
of all mass calculations in this paper, and we would like to rst discuss some



















are of order v
R









. This is just a manifestation of





as a naive inspection of Eq. (29) seems to show. In fact




are constrained to lie close to the
unication scale M
U





can be is  10 GeV.
In order to ensure the reliability of perturbative calculations, we impose the














Unless some of the Higgs are Nambu-Goldstone bosons, in which case one uses the mass of
the corresponding gauge boson.
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The Higgs mixing angle s
j









. One can in general ne tune the Higgs potential





)! 0, and the two terms in Eq. (30) interfere destructively





which is also around 10 GeV.
One can also see that the up type quarks get contributions from both gauge
boson and Higgs exchange, while the down type quarks and leptons get a contri-
bution only from Higgs exchange. This feature will be important in the full-blown
model, as interference between dierent diagrams will either enhance or suppress
the up type quark masses compared with the masses of the other fermions.
Let us now consider an example:
















































(100 GeV ) = 900 MeV ; m
s













































(100 GeV ) = 5 MeV ; m
d
(100 GeV ) = 6 MeV: (37)
All the Higgs masses and mixings were evaluated from the Higgs potential of
Eq. (18), incorporating the constraints of Eqs. (21-23, 31). This example serves
to illustrate how a large hierarchy between the charm and up masses is generated
by several smaller hierarchies in coupling constants and masses, and also that it
is possible to generate a large hierarchy in the up sector and simultaneously a
smaller hierarchy in the down sector by tuning the Higgs parameters. Of course
we are not free to use dierent Higgs couplings for the dierent generations as we
have here. We use it here for illustrative purposes, as when we enlarge the Higgs
sector, a similar eect does occur. Relative sizes of dierent Higgs self couplings
determine the sign and magnitude of the Higgs mixing angles, which in turn
determine whether dierent diagrams interfere constructively or destructively.
11
An obvious problem with this model is that even with two families, the cou-
plings are all diagonal, and we never get inter-family mixing. Another problem
with this minimal model is that, as the arguments about upper bounds on the
masses show, we cannot generate a realistic mass for the top quark. Finally, this










) and do not mix at tree-level.
Thus we see that although the \minimal" model serves as an attractive and
educative example of fermion mass generation, it is not rich enough to describe
the physical world. However, if one simply extends the Higgs sector to include
another pair of Higgs  and T that transform exactly like L and R, all these
problems disappear, and one can in fact generate realistic fermion masses and
mixings. This is the subject of the next section.
IV. The Full-Blown Model
In this section we would like to extend the minimal scenario of the previous
section, and present a complete model of fermion masses and mixing. In order
to accomplish this we rst introduce another pair of Higgs   (4; 2; 1), and
T  (4; 1; 2). This simple addition to the model greatly complicates the Higgs
potential, and we relegate a detailed discussion to the appendix. We should point
out, however, that in order for this model to give the charged leptons mass, and
still accomplish the correct gauge symmetry breaking, we must have the vacuum
expectation values hi = hT i = 0. Thus the low energy data selects out a
particular region in the space of possible Higgs couplings (this is in some sense
analogous to the results in supersymmetric models of fermion mass where the
large tan  case seems to be preferred by the low energy data [5]). As a result
of this particular choice of vacuum expectation values, the formulas (24,26) for
the gauge boson masses remain unchanged. This also precludes the possibility of
introducing CP violation in the Higgs sector.
Next we generalize the Yukawa coupling constants to matrices of couplings.















































where a; b are family indices. The neutrino mass matrix, and the orthogonal ma-
trix
^
O that diagonalizes it, will now be 99 matrices. The basis we will use in our
subsequent discussion groups all the left handed neutrinos rst, followed by the






















The gauge-fermion interaction will still be diagonal, with Eq. (12) generalized
to include diagonal family indices.
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Finally, we come to the formula for fermion masses in the model. Most of
the work has already been done in the previous section, and all we need to do










































































































































































We would like to illustrate with an explicit example, that the model can indeed
generate realistic fermion mass matrices via Eqs. (39,40,41). Our constraints are
to not have a large hierarchy of coupling constants, to keep coupling constants
below a magnitude where we can trust perturbation theory, and nally to work
honestly from the Lagrangian of the model. This last point essentially states
that we have to keep in mind the relation between the Higgs masses and mixing
angles: they are not independent. As we show in the appendix, the mixing angle
can be made large only at the expense of lowering the dierences in the Higgs
masses. This is a fact that is often not explicitly accounted for in papers on
radiative mass generation.










































































iii). Higgs vacuum expectation values, masses, and mixings.
v
L









































































































































































All of these Higgs parameters are derived from the Higgs potential (Eq. (55)),
keeping in mind the extremization equations (Eqs. (57-60)), and the constraints
on the sizes of the couplings (Eq. (31)). The mass values that are primed cor-
respond to the Nambu-Goldstone bosons, and the masses of the corresponding
gauge bosons are given in Eqs. (24,26). These masses, and the mixing angles for
the Nambu-Goldstone bosons are set by Eqs. (57-60) and cannot be adjusted.




) = 290 GeV to account for its running. Given




= 3:0 MeV ; m
c
= 1:0 GeV ; m
t
= 179:5 GeV: (46)
m
d
= 4:6 MeV ; m
s
= 130 MeV ; m
b
= 3:3 GeV: (47)
















= 0:8 MeV ; m

= 38 MeV ; m

































We would like to discuss what we have accomplished. We started with a well





. We add one sterile neutrino per generation to the Standard
Model fermion content. The Higgs sector is extremely simple, all Higgs elds
transforming as (4; 2; 1) or (4; 1; 2). The magnitude of every coupling constant in








which is a hierarchy of  100 (actually it's only the Yukawa couplings that
saturate this hierarchy; the Higgs couplings are all within a factor of 10 of each
other). Certain Higgs self couplings are ne-tuned to give the symmetry breaking
we want, while the rest are assigned values within the range of Eq. (52). The
fermions receive masses as one-loop radiative corrections.
All fermions within a generation have identical Yukawa couplings to the
Higgs (38), but the Higgs to which the dierent fermions couple may have dif-
ferent masses and mixings depending on the Higgs potential. Using this fact,
as well as the fact that the up type quarks get their mass from gauge boson


















) is also achieved. The
elements of the quark mixing matrix have the correct order of magnitude as well




are larger than the ex-
periment numbers, we postpone a search for more realistic values till we have
incorporated CP violation into this model.
The charged leptons have realistic masses, and the neutrino masses and lepton















, parameters lying in the range favored by the non-adiabatic













(2) = 4  10
 2
which lies in the experimentally




oscillations [22]. These neutrino masses and mixings
are fairly typical over a wide range of Higgs parameters (given the input Yukawa
couplings). It is an intriguing feature of this model that the mass of the muon
neutrino falls in the milli-electron volt range, given the high scale of the see-saw
partners  10
16
GeV . Most see-saw models assume masses of  10
12
GeV: in
order to achieve the required muon neutrino mass.
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We think it to be extremely non-trivial, that such a simple extension of the
Standard Model can account for all of these features. However, since we restricted
ourselves to real masses and coupling constants, there is no CP violation in this
model. It is our hope that we can generalize this model to include sources of CP
violation that can not only account for the observed low energy CP violation in
the K meson system, but also the observed baryon asymmetry. We are currently
pursuing this possibility, as well as studying possible low energy signatures of this
model [19].
Although at this stage our aim is not to precisely reproduce the known values
for all of the observables (Eqs. (46-51)), we should point out our approximations
in obtaining them. Eqs. (39-41) were evaluated using the inputs of Eqs. (42-45)
to obtain mass matrices at the scale v
R
. The mass matrices were numerically
diagonalized, giving the mass eigenvalues and mixing matrices also at the scale
v
R
. In our approximation, none of the mixing angles or the lepton masses vary
with scale. Each individual quark mass eigenvalue was scaled using the one-
loop  functions with only gauge boson and fermion contributions. Eectively







 100 GeV. We estimate these approximations to
introduce errors in the quark masses of order 20%   30%, in the lepton masses
to be  5%  10%, and in the mixing angles  5%.
In a sense one could think of this model as demonstrating the importance of
threshold corrections to tree-level mass relations in certain non-supersymmetric







= 0, and essentially generated the entire fermion mass spectrum as a conse-
quence of the matching conditions when we integrate out the heavy elds! One
could also envision the model we have presented as being an intermediate scale
eective theory of an SO(10) GUT, with sterile neutrinos and Higgs in the 16,
as in Ref. [16]. In this case any tree-level masses the fermions obtain from, say,
Higgs in the 10 could be drastically modied by threshold corrections (this pos-
sibility was in fact suggested in Ref. [11, 16]). The bad news is that tree-level




may not scale as naively expected. The good news is
that it may not be necessary to introduce extra Higgs like 126 solely to modify




. We are currently investigating how the
model presented here ts into the SO(10) framework [19].











. So long as v
R
 10 TeV,
the mass formulas (39-41) are essentially independent of v
R
. This means that








) we could bring the
scale v
R
down to the several TeV range, as allowed by experiments [20]. However
the largest top quark mass we can generate at the scale v
R
is about 80 GeV, so
16




in order for it to scale by about
the factor of two needed. In addition, since the physical neutrino masses are
suppressed by the see-saw mechanism, a low v
R
would imply that the neutrino
masses are close to their direct experimental upper bounds [21], and we would
have to give up the oscillation solution to the solar neutrino problem. These last
two observations suggest that v
R




We have presented a model for radiative fermion mass based on the gauge




, with the fermion content of the Standard
Model extended to include one sterile neutrino per generation. We are able
to generate realistic fermion masses and mixings without a large hierarchy of
coupling constants or extra family symmetries. The electron and muon neutrino
masses lie in a range compatible with the MSW small angle solution to the solar




oscillation experiments. The model demonstrates the potential importance of
threshold corrections to tree-levelmass relations in certain GUTs. The possibility
of CP violation and baryogenesis in this model are being investigated.
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Appendix
In this appendix we would like to discuss the Higgs potential for the full-














 (4; 1; 2). This potential will just be a long and complicated
generalization of Eq. (18), but before we write it out explicitly, we rst dene the






































































































































































































































Using the elds dened in Eq. (53) we have
























































































































































































































































































































































































































































































































































































































































































































and look for extrema of the potential. Positivity of the Higgs masses will ensure
that this extremum is at least a local minimum.














, which can't mix at tree level in this model. Thus the only way
the charged leptons can get a mass is if some of the Higgses don't get a vacuum










;  are unphysical, and we set them equal to 0. We are then left with
the following four equations that we need to satisfy in order to get the desired





































































































































. There will in general be two light neutral higgs, with the rest
having masses  v
R
.
In order to simplify the calculation, we will adjust the Higgs parameters to
ensure a similar condition for the other Higgs bosons i.e. no mixing between
19
L R and  T sectors. The 4 4 Higgs mass matrices now break up into 2 2














































. Since we are calculating in 'tHooft-Feynman gauge, we use
the gauge boson mass for the mass of the Nambu-Goldstone boson. Thus, when













Notice that we have no freedom to vary the mixing angle s
LRu
































































These are the values we use to calculate the contribution to the up type quark
masses from Eq. (41). It would appear from Eq. (67) that we can make the






) to be small.
However as the mass terms in the same equation show, this would make the Higgs
degenerate in mass, and make the two terms in Eq. (41) cancel. Thus there is an
upper limit to the masses we can get in this model. It is interesting to note that
even if we saturate the coupling constants in this model to be largest they can
be consistent with maintaining a perturbative theory (Yukawa couplings   3:5,
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